Abstract. The influence of snow microstructure on thermal and radiative transfer in snow has not been thoroughly investigated, as the tools necessary to efficiently measure microstructural geometry at millimeter-resolution have not yet been available. Here, we investigate the impact of snow microstructure on the thermal and radiative properties of snow, and specifically determine the depth resolution of snow stratigraphy measurements needed to adequately model snow temperatures. To address this subject, detailed information on physical properties of the snow cover was collected at Summit, Greenland in summer 2003. We present a new set of snow microstructure data, measured with the high resolution penetrometer (SnowMicroPen, SMP). The penetration resistance can be used to estimate the thickness of individual layers, but also reflects the thickness and the number of bonds in the snowpack. SMP is a motor-driven, constant speed micropenetrometer acquiring 256 hardness measurements per mm. The data were used to describe the physical properties of snow and to compute snow temperatures in the topmost meter of the snowpack using the snowcover model SNOWPACK. The spatial resolution of the snow microstructure and the subsequent parametrization of 'SMP-estimated density' strongly affected the modeled temperature and temperature gradients. The 'SMP-estimated density ' was used as an input to SNOWPACK and affected the thermal conductivity and radiative transfer in the snowpack. Our results thus show that highly resolved stratigraphic input data on the order of at least one centimeter are necessary to adequately simulate snow temperatures and snow metamorphism including the observed formation of sub-surface hoar in the high Arctic snow cover.
Introduction
Physical properties of snow have a large impact on snow temperatures, which in turn is an important component of the energy balance in snow covered areas. The energy balance is key to understanding the reaction of the Greenland ice sheet to a changing global climate and its effects on global sea level. The exchange of energy at the surface of the ice sheet influences the mass balance directly through melt and sublimation, and indirectly through glacier dynamics which ultimately controls the calving rate [Ohmura et al., 1994] . The snow surface creates a special climate in the interior of the ice sheet, where the high elevation further increases the loss of heat due to outgoing radiation [Putnins, 1970] . An up to date description of the energy balance at Summit is in Cullen and Steffen [2001] ; Cullen et al. [2006] . This study investigates processes which govern the energy fluxes at and below the snow surface and to relate them to physical snow properties such as thermal conductivity. The energy balance at the snow surface at Summit is measured. A process, which is still unclear, is the energy flux at shallow depth and how this energy flux would react to changing environmental conditions such as global warming. Further, the presence of snow can greatly perturb the composition of firn air and near-surface polar air [e.g. Dominé and Shepson [2002] ]. The physical and photochemical processes leading to the observed uptake or release by snow of a large number of trace gases are to a large degree driven by thermal, optical and structural (e.g. specific surface area, permeability) properties of snow [Hutterli et al., 1999 [Hutterli et al., , 2003 Bottenheim et al., 2002] . Therefore, a detailed knowledge of snow-atmosphere interactions is necessary for understanding current atmospheric processes, as well as for investigating those of the past, using ice cores.
Near surface snow metamorphism is primarily driven by temperature gradients. The temperature in the snowpack is determined not only by the air temperature and short-and longwave radiation, but also by the thermal conductivity and heat capacity of the snow. Thermal conductivity and heat capacity are not constant throughout the snowpack, but vary strongly with changes in snow stratigraphy [Colbeck , 1997] . The temperature of the underlying snow also contributes in determining the temperature in the snowpack.
Only a few investigations attempted to include the dependence of microstructure in thermal conductivity calculations of snow [Sturm et al., 2002] . Arons and Colbeck [1995] conclude that the tools necessary to efficiently measure and parametrize the relevant microstructural geometry have not been available in the past. Several theoretical attempts to predict thermal conductivity based on micro-geometry have been made [Adams and Sato, 1993; Arons, 1994] , but these have had limited success due to the lack of the necessary geometrical data [Sturm et al., 2002] . It is particularly important to have a quantitative theoretical link between physical snow properties and the textural characteristics. Because snow is a sintered material of ice grains that are thermodynamically unstable, the grains and their interrelationships may change rapidly on timescales of hours to days [Arons and Colbeck , 1995] .
Within an ice sheet, thermal energy transfer is dominated by conduction [Brandt and Warren, 1997] . Within the near surface of the snowpack however, non-conductive processes can include wind-generated ventilation of the snowpack called windpumping [Colbeck , 1997] , latent heat transfer by water vapor migration, convection of air in the pore spaces and solar radiative heating [Colbeck , 1989b; Albert, 2002; Albert and Hawley, 2002] . Due to their nature, these non-conductive mechanisms are limited to the uppermost meter of the snow where it can be highly permeable and affected by penetration of solar radiation.
Investigations of snow stratigraphy on Summit have been mostly focused on relating the physical snow properties to snow chemistry and considering the seasonality in the Greenland snowpack [Dibb and Jaffrezo, 1997; McConnell et al., 1998; Colbeck , 1989b; Hutterli et al., 2003; . The snow and firn at Summit is a layered system of wind pack and interspersed with large grained and hoar layers [Albert and Shultz , 2002] . The hoar layers are formed in the summer [Alley et al., 1990] , and by the end of the summer it is common to have multiple hoar layers in the near surface. These sets of hoar layers are identifiable as they age and indeed the visual stratigraphy of these layers as a summer marker is one dating technique in firn and ice core analysis through the Holocene and into the glacial transition [Alley et al., 1997] . Alley et al. [1990] suggest that mass redistribution associated with depth-hoar formation can change concentrations of immobile chemicals by as much as a factor of two in the hoar layer, altering atmospheric signals prior to archival in ice.
We focused our work to determine the depth resolution of snow stratigraphy measurements needed to adequately model snow temperatures and to investigate the impact of snow microstructure on the thermal properties of snow and therefore on the heat flux within a snowpack. For this, high resolution snow stratigraphy data were collected using a SnowMicroPenetrometer (SMP) [Schneebeli and Johnson, 1998 ] at Summit, Greenland in 2003. These data were then used to simulate snow temperatures based on the SNOW-PACK model [Bartelt and Lehning, 2002] using different depth resolutions and the results were compared with measurements.
Methods
The Greenland Environmental Observatory at Summit 72
• 35' N, 34
• 30' W, Greenland (GEOSummit) is a yearround Arctic research station funded by the US National Science Foundation. The station is located in the dry snow zone at the top of the Greenland Ice Sheet, 3203 m a.s.l. and is nearly 400 km from the nearest point of vegetated land.
The advantages of this measuring site are the homogeneous snow cover, as there are no topographical effects, a small accumulation rate in summer, the high altitude with clean air and the availability of meteorological parameters. The yearly snow accumulation rate at Summit is constant at approximately 0.7 m (∼0.23 m water equivalent) per year. The climate at Summit can be regarded as representative for a major part of the dry snow zone of the Greenland ice sheet [Ohmura, 2001] .
In July 2003, a snow pit ('atm-pit') of 2 meters depth was investigated in the vicinity of Summit, Greenland. The snow pit was described by a traditional hand profile, five SMP measurements and chemical analysis of H2O2 concentrations in the snowpack. Additional snow pits are described in Dadic [2004] . Continuous measurements of the energy balance components were measured following the standards set by the Baseline Surface Radiation Network [BSRN] [Ohmura et al., 1998 ].
Using a SnowMicroPenetrometer (SMP) [Schneebeli and Johnson, 1998 ], we obtained high resolution snow stratigraphy information. SMP measurements reflect the number and the strength of bonds. The averaged value of penetration resistance over a distance is a gauge of the combined number and strength. These parameters are controlling the thermal conductivity of snow, but they also have a large impact on the radiation penetration through snow. As available parameterizations for calculating the thermal conductivity of snow are mostly based on density, we tried to correlate our high resolution penetration resistance measurements with traditional density measurements, in order to include bond information in the density estimation, so that the correlation can be used in any existing relationships between thermal conductivity and density (eg. Sturm et al. [1997] ; Adams and Sato [1993] ). From this correlation, we could calculate 'SMP-estimated densites' at any resolution using the penetration resistance.
Snow temperatures were modeled with the snowcover model SNOWPACK using the 'SMP-estimated density' profile generated with the SMP data as initial conditions in the model. Because the heat flux in snow is mainly perpendicular to the layering, changes in thermal conductivity within a single layer have a large impact on thermal conductivity of the whole snowpack. To investigate the effect of snow layering and 'SMP-estimated density' on thermal conductivity, we used different layer-thickness resolutions of the SMP measurements. SMP data were used to derive 'bond-weighted density', which was then used to estimate thermal conductivity. This estimated thermal conductivity was used to model snow temperatures. Snow temperatures were calculated at 0.001, 0.01 and 0.1 m resolution in order to investigate the importance of thin layers.
H2O2 profiles were used to to determine summer and winter layers in the snowpack [Hutterli et al., 2004] .
SnowMicroPenetrometer
A SnowMicroPen (SMP) was used to measure the penetration resistance of the snowpack. The SMP is a motordriven, constant speed snow penetrometer which generates high resolution data, sampling 256 measurements of hardness (penetration resistance) per mm. The SMP consists of a small flared measuring tip, 5-mm diameter with a 60
• tip angle. This tip is connected to a high resolution force transducer which is housed in a drive cone and rod of 16-mm diameter . The drive rod is geared and driven by a constant speed rotary motor [Schneebeli and Johnson, 1998 ]. The force transducer has a range of 0-500 N and a resolution of 0.01 N. The penetration velocity used for this work is 20 mm s −1 . The fundamental idea is that a quasi-continuous recording small diameter penetrometer will connect more directly to the snow micro properties than large diameter cone penetrometers do . Previous work with the SMP demonstrates its capability of discriminating between different crystal types and different layers Schneebeli, 1999; Pielmeier and Schneebeli, 2003] . The SMP profiles we used for this work were 2 m deep, according to the depth of the snowpit. The duration of one profile sampling was 100 seconds. The entire sampling time for five horizontally repeated measurements, including the handling of the instrument was around 15 minutes, whereas the classical snowpit observations took up to 8 hours of work.
Snow temperature measurements and snowpit observations
Snow hardness, grain size and grain shape were measured in all snow pits. Subsurface snow temperatures were measured in each snow pit with a mercury thermometer, but Horizontal variability of the penetration resistance in the 'atm pit' within 1.8m and at the location of the snow temperature measurement 5km away. The gray bars indicate some of the layers, which have typical markers. Despite the local variability, which exists at the meter scale as well as at the kilometer scale, the dominating features are found in all measurements.
not further discussed in this study, because the single measurement at different times of the day is not representative for the temperature evolution within the snowpack. Furthermore, subsurface temperatures were monitored at high temporal (5 min) and vertical resolution with thermocouples closer to the surface (0.05, 0.1, 0.3, 0.5, 1,1.5 m) and with a thermistor chain deeper down (0.3, 0.5, 1, 2, 3, 5, 10, 15 m). The snow surface temperature was calculated indirectly in SNOWPACK using the energy balance, because the thermocouple situated on the snow was heated by the solar radiation and recorded too high temperatures. Measurements at South Pole [Brandt and Warren, 1993] show that there is a solar induced ∼0.3 K temperature rise at 4 cm depth, while at 10 cm the temperature rise is ∼0.18 K. Snow temperatures were measured close to the meteorological tower and not at the location of the pit, which was dug about 5 km SSW of the tower. However, given the homogeneous conditions observed in our profiles around Summit ( Fig. 1) , we assume that snow microstructure and temperature were comparable at each site. The small scale variability within one single snowpit is of the same order as the large scale variability over several kilometers. Profiles analyzed at a few meters distance showed similar variability as profiles which were located 5 km apart (Fig. 1) . A study by Sturm and Benson [2004] examined the continuity of snow layers in both seasonal and perennial snow covers using data from primarily flat locations in Alaska, Antarctica and Greenland. They found that variance, or heterogeneity in properties, increased up to order of 100-m, then barely increased any more as the lateral scale was increased to several hundred kilometers. Furthermore, show that layer mechanical properties vary over small distances (less than a meter), particularly when the layers in question are thin. Conversely, for thick wind slabs that are the result of significant storm deposition, the lateral continuity of the layer strength over as much as 10 km, is remarkably good.
Meteorological measurements
In the Summer of 2003, the observation program included measurements of temperature and humidity (Vaisala HMP35A), wind speed (Andreraa 2740) and wind direction (Andreraa 2750) at 4 levels (0.5, 1, 2, 5 m) on a meteorological tower. All radiation instruments were mounted on a solar tracker allowing direct solar measurements and precise shading of the diffuse incoming radiation instruments. The instruments used for incoming/outgoing shortwave radiation are the Kipp and Zonen CH1, CM11, CM21 and the CG4 for incoming/outgoing longwave radiation.
Synoptical observations, including detailed cloud observations, were made three times a day 12:00, 18:00, 24:00 UTC.
H 2 O 2 concentrations and density
Snow samples of a constant volume (69.6 cm 3 ) were collected at a 2 cm depth resolution with a stainless steel sampling tool and immediately transferred into airtight, cleaned glass bottles using a HD-PE funnel and Teflon-coated spatula. The samples were stored frozen in the dark and analyzed no more than 2 days after collection and within 2 hours after melting. After raising the pH, the aqueous phase H2O2 concentrations in the melted snow samples were determined by UV fluorescence spectroscopy after derivatization with 4-ethylphenol in the presence of peroxidase [Hutterli et al., 2004] . The limit of detection defined as 3-σ of the baseline was 2 ppbw and accuracy was better than 10%.
Snow densities were determined by weighing the sample bottles before and after adding the snow sample. The upper limit of the total uncertainty in density from the sampling procedure and weighing is estimated to be 15%.
Derivation of 'SMP-estimated snow densities' from penetration resistance
Arons and Colbeck [1995] ; Shapiro et al. [1997] ; Kaempfer et al. [2005] show that thermal conductivity in snow depends on bond size. Sturm et al. [1997] show that thermal conductivity is correlated with density. However, their measurements also show that there is a large scatter in the densitythermal conductivity relationship. This scatter could be explained by a variable bond thickness in layers with identical density. An increasing density usually causes an increase in bond thickness, however, depending on metamorphism, different bonding can result in identical density . This could also be measured at the profiles (Fig. 3) . The penetration resistance measured by the SMP is a combination of the strength and number of bonds . No direct correlation function or model is currently available to calculate thermal conductivity directly from the penetration resistance of Figure 2 . Conceptual model of using 'SMP-estimated density'. The right figure has thicker bonds and therefore a higher thermal conductivity, even if the density does not change significantly between the two figures. SMP measures a combination of the strength and number of bonds and is therefore suitable for parametrization of thermal conductivity. the SMP, mainly because thermal conductivity can currently not be measured at such high resolution. Because most models for thermal conductivity are parametrized as a function of density, and not as function of number and strength of bonds, another approach was used in this study. We derived a 'SMP-estimated snow density' for parametrization of thermal conductivity, which takes into account the strength of the bonds, using penetration resistance and snow density measurements. The conceptual model of the idea of having a 'SMP-estimated density' is shown in Fig. 2 . Both figures have a similar density, but the right figure has thicker bonds, which are not heavy and therefore do not change the density significantly, but are important in determining thermal conductivity. We therefore think that, our approach to include information about strength and number of bonds using SMP data, is an enhancement for parametrizations of thermal conductivity, following the idea which was theoretically put forward by [Arons and Colbeck , 1995] .
Thermal conductivities were not measured for this experiment, but numerically modeled with SNOWPACK as a function of 'SMP-estimated densities' and other physical properties of snow such as grain size, bond size, dendricity and sphericity of snow grains. The latter were estimated from oberved grain shape and grain size using empirical relationships.
Density measurements were correlated to SMP signal in order to increase the spatial resolution of the snowpack using 'SMP-estimated densities'. Highest spatial resolution of density measurements made for this work was 0.02 m, which is low compared to SMP resolution (256 measurements per mm). The best fit (Fig. 3) found for the available density data and SMP penetration resistance is ρ = 283 + 67log(pR)
( 1) where 'ρ' is 'SMP-estimated density' in kgm −3 andpR the mean penetration resistance measured SMP value in Newton averaged over 2 cm. A logarithmic fit was chosen in order to represent realistic snow densities. A linear fit would generate too high densities for higher penetration resistance values, which are not realistic in a snowpack. The inset inside Fig. 3 shows that the log-value of the penetration resistance has a linear correlation with the density. Data from other snowpits, which are not discussed here, show very similar curves with slope and intercept varying in the range of 10%. With the SMP-density correlation, it is possible to acquire higher 'SMP-estimated density' resolution using penetration resistance measurements and use it in any existing density-dependant parametrization of thermal conductivity (eg. Sturm et al. [1997] ; Adams and Sato [1993] ). The smallest vertical resolution of 'SMP-estimated density' used in this work is 0.001 m, corresponding to 256 penetration resistance values per "layer". The penetration resistance is an average value for a given vertical distance in the snowpack. It was also averaged over five horizontally repeated measurements within 1.5 m of the same pit wall in order to eliminate the effect of the horizontal variability in the snow cover. The horizontal variability is shown in Fig. 1 using three selected measurements within 1.8 m and 5 km. Measurements 1 and 2 are from the 'atm pit' and show the variability within 1.8 m, while measurement 3 is located 5 km away and was measured one day earlier than measurements 1 and 2. The gray bars in Fig. 1 indicate some of the layers, which have typical markers. Despite the local variability, which is existent at the meter scale as well as at the kilometer scale, we see that the dominating features exist in all three measurements. For example, layer 'e' is found at all 3 locations, as well as layer 'b'. Layer 'c' is found only in measurements 1 and 2, and layer 'd' only in measurements 2 and 3. There might be a vertical shift to these profiles. Only 3 SMP profiles are shown here, but they show that small scale variability (measurements 1 and 2) is of the similar order as the large scale variability over several kilometers (measurements 1,2 and 3). Measurements as close as 0.5 m show less variability. We are aware of the fact that any snowpack is variable, but we also think that it is possible to partly account for the variability by averaging repeated measurements over a certain distance, at least in a snowpack like on Summit, where topography does not play a role. In situ measurements at Summit by Dibb and Fahnestock [2004] between 2000 and 2002 show that the variability in accumulation over a 80×80 m is ± 4.5 cm yr
with an accumulation rate of 65 cm yr −1 . Same measurements along a 12 km line to the southwest of the camp show the same accumulation rate, with a somewhat larger variability of ± 7 cm yr −1 . Similar results of accumulation rates and uncertainties were obtained in previous measurements (1991) (1992) (1993) (1994) (1995) 28 km southwest of the Summit camp. Fig. 3 shows the dependance of penetration resistance on density. The reason for the large scatter in the correlation is that penetration resistance is a function of bonding and microstructure and not only of density. Furthermore, while it was possible with the SMP to account for very thin wind crusts and hoar layers in the snowpack, the density resolution of 0.02 m did not allow any considerations of such thin layers. Uncertainties in the measured depths on the order of one cm, caused by the horizontal variability of the snowpack, potentially also contributed to the scatter in the data. The effect of using SMP data and Eq. 1 is illustrated in Fig. 3 . From a physical point of view, this results in thin hard layers given a high thermal conductivity, and soft layers (e.g. poorly bonded hoar layers) given a low 'SMP-estimated density', which converts to a low thermal conductivity. This 'SMP-estimated density', which is highly dependent on microstructure, can be used used to calculate the thermal conductivity of snow with any exisitng density-dependent parameterization of thermal conductivity (eg. Sturm et al. [1997] ; Adams and Sato [1993] ).
The hoar layers, which are represented by small penetration resistance values, are poor heat conductors. They are very important for the average heat conductivity in the snowpack. The reason for such a high weighting of the low conductance layers is because the mean thermal conductivity of a snowpack is not calculated as an averaged value of thermal conductivities over all layers, but follows Ohm's law for conductors in series:
where k w(tot) is the mean thermal conductivity for the snowpack, k w(i) the thermal conductivity in a single layer, zi the thickness of the layer and Z the total snowpack thickness.
SNOWPACK
We used SNOWPACK for modeling shallow snow temperatures in the uppermost meter of the snowpack over a 10-day period (first 5 days with clear sky, then overcast) at Summit in July 2003.
SNOWPACK is a one-dimensional heat and mass balance model describing the evolution of snow covers based on finite element numerics and includes snow structure and thermal and mechanical properties of snow [Bartelt and Lehning, 2002] . The processes modeled in SNOWPACK are: thermal conduction, settling, phase change, water transport and snow metamorphism. They include consideration of precipitation, shortwave and longwave radiation, sensible and latent heat fluxes, snow transport and air flow through the topmost layers [Lehning et al., 2002a, b] .
As boundary conditions governing the energy exchange on the snow surface, we used the Neumann boundary condition, where the snow surface temperatures are calculated with the following fluxes [Bartelt and Lehning, 2002] 
with k being thermal conductivity of the uppermost snow layer, Ts the surface temperature, t time, q lw the net longwave radiation energy, q sh the sensible heat exchange, q lh the latent heat exchange and qrr the heat flux from rain, which is zero at Summit. Heat exchange is positive when energy is put into the snowpack and negative when energy is withdrawn. Note that shortwave radiation is not treated as a boundary condition in SNOWPACK but is treated as a volume source of energy for the snow elements close to the snow surface. The amount of radiation absorbed or emitted in an element is determined by solving the radiation transfer equation [Lehning et al., 2002b] . At the layer/element boundaries, the residual radiation is calculated using a extinction coefficient, which varies linearly with density, and is therefore highly affected by the 'SMP-estimated densities'. Meteorological input parameters for the model are air temparature, relative humidity, wind speed and wind direction, incoming and reflected shortwave radiation, incoming and reflected longwave radiation (all measurements at 2 m above surface) and measured snow temperatures at one meter depth as a lower boundary condition. For initialization of the model, we used SMP-generated 'SMP-estimated densites', classical observations of the snow profile as grain radius and grain shape as well as the snow temperature measured at the initialization time. 2.6.1. Parameterization of Thermal Conductivity in SNOWPACK SNOWPACK uses a thermal conductivity that is not only a function of snow density (in this paper: a function of 'SMP-estimated density') but makes use of the primary microstructure parameters dendricity, dd (1), grain size, rg (m), and bond size, r b (m). These values are derived from grain shape and grain size estimations in the snow pit, in addition to the primary bulk parameters: volumetric fractions of ice, θi (1) (which is calculated with 'SMP-estimated density'), and of water θw (1). These estimations of primary microstructural parameters as well as the primary bulk parametersare used for the initialization of the model and they are changing through time. Conceptually, the conductivity model distinguishes between heat transport in the ice matrix, in the pore space and in liquid water, which is not relevant at Summit. The heat transport in the pore matrix includes the small transport due to pure conduction in the air and the much larger transport due to vapour transport and phase change between at the ice matrix surface. This latter transport is parameterized according to the original conductivity model developed by Adams and Sato [1993] . The original publication of the modified Adams Sato model [Lehning et al., 2002a] contained two typographical errors, in the two terms for the serial conduction of ice to pore and ice to water erroneously the thermal conductivity of pure air, ka (Wm −1 K −1 ), instead of pure ice, ki (Wm −1 K −1 ), was used. In the meantime, a re-evaluation of the conductivity formulation has been made and the empirical correction factor, containing four additional empirical parameters (Lehning et al. [2002a] , Eq. 42), could be replaced by a correction factor containing only two parameters. The correction term describes a transition at densities around 300 kgm −3 . For higher densities, a different regime results with an overproportionally lower correction, which is used to increase the thermal conductivity. The complete and new formulation of the effective conductivity of snow (ke) now takes dendricity into account:
In addition to the independent primary parameters explained above, the formulation uses the secondary length scales (m): Lp (mean pore length), Lis (ice series length), Lps (pore series length), Lws (water series length); and cross-sectional areas (m 2 ): Ap (pore cross-sectional area), Aip (cross-sectional area for series conduction in pores), Aiw (cross-sectional area for series conduction in water), which are all indirectly obtained from the primary parameters. N3 is the three-dimensional coordination number and kap (Wm −1 K −1 ) is a derived conductivity of the pore space taking into account vapour phase change and transport. Again, these secondary parameters are derived from the primary parameters. The Clausius-Clapeyron equation is used for the derivation of kap. The derivation of all secondary parameters is described in detail in Lehning et al. [2002a] . The 'SMP-estimated density', that is derived from SMP is used to estimate the volumetric fractions of ice, θi.
Results

Snow Stratigraphy
The Summit snowpack showed an inter-annual layering with large variations in mechanical and thermal properties of snow (e.g. the penetration resistance varies by a factor of 20 within few centimeters at B (Fig. 4) .)
Most SMP measurements showed a similar pattern (Fig. 1) , even over larger distances. Typically, there was a thin wind crust on the surface, overlaying a weak layer of subsurface hoar (Fig. 4, B) . This layer was not observable in the hand profile (hardness, grain size, grain shape) that we did in the 'atm pit', as it was too thin to be seen by eye. The wind crust alternating with subsurface hoar is best visible in parts of the deeper snowpack (Fig. 4, 0.4-0.8 m) . Sections with lower penetration resistance can be found in deeper layers as well (Fig. 4, C) . The SMP measurements showed much larger variations in the snowpack than the snow properties, which were observed by eye. The hand profile was still very useful for the interpretation of the penetration resistance values with respect to geometrical information. They confirmed that layers with the lowest penetrations resistance consisted of depth hoar. Furthermore, we used the hand profiles to define initial parameters like grain size and grain type, in order to run SNOWPACK.
The grain size of the Greenland snowpack showed large variations. There are very small snow grains, which are formed by mechanical destruction of the snow flakes during strong wind conditions leading to drifting snow. Drifting snow leads to formation of wind crusts, that can be identified with hand measurements of hardness. The grain size of these layers is too small to be determined by eye and grains become even smaller with the onset of isothermal metamorphosis, which reduces surface free energy (surface to volume ratio) to its stable state. However, the snow grains at Summit were not totally rounded even in the deeper layers. The softer layers were mostly composed of larger faceted grains. The size (diameter) of these grains varied between 3 to 10 mm. Freshly fallen snow was very rarely observed during the field period. On those occasions when snow fall occured, drifting led to the fracturing and breaking up of the crystals.
The snow density varied between 180 and 440 kgm −3 (Fig. 4) . The density shows similar variations throughout the whole snowpack. No measurable densification was observed in the topmost 2 m of the snowpack towards the bottom, instead there is an undulating shape of the density profile (Fig. 4) , which reflects the annual precipitation and metamorphosis pattern. Winter layers show a decrease in density towards spring (Fig. 4, dashed lines) , while summer layers show an increase in density towards fall. Similar density profiles are found in Albert and Shultz [2002] , where they show that the density profile of the top 3 m reveal the annual cycle in snow types, the low-density areas being deposited in the previous summers, while the higher-density wind pack is characteristic of winter snowpack [Albert and Shultz , 2002] . Density trends are not entirely reflected in penetration resistance. Albert and Shultz [2002] also observe, that in the top 3 m, metamorphism has clearly a much greater impact on grain size and permeability than on density. A hardening of the bonds towards the bottom was observed, which is stongly reflected in increasing pene 
High Resolution Thermal Conductivity and Snow Temperatures
For the calculations of thermal conductivity with different vertical resolutions of the snowpack, the SMP data were averaged over different vertical distances (1 mm, 10 mm, 100 mm) in order to obtain different resolutions of 'SMPestimated densities' (Eq. 1). With these densities as input, the thermal conductivities, as well as the radiation penetration through snow were calculated in SNOWPACK (Eq. 4). Fig. 5 shows timeseries of calculated snow temperatures. The temperatures, as well as the penetration depth of the daily temperature cycle are highly overestimated for the low resolution model. The penetration depth in the high resolution model is about 50 cm and is much better representing measured values. An analysis from the measured snow temperatures at Summit shows that the penetration depth of daily temperature variations can be observed down to 50 cm on clear sky days and down to 30 cm on cloudy days [Dadic, 2004] . Fig. 6 shows a timeseries of modeled local temperature gradients in the Summit snowpack for low resolution (100 mm) in the upper figure and for high resolution (1 mm) in the lower figure. The temperature gradients in the low resolution model are very high throughout the whole snowpack, and they get highly negative in the uppermost part. The high resolution model has more realistic local temperature gradients and snow temperatures, and shows a much more complicated pattern in the top few centimeters of the snowpack, which indicates changing snow metamorphism patterns. Grain and bond size are not discussed here, but they are slightly increasing during the 10 days modeling period for both models. Fig. 7 shows modeled and measured snow temperatures for 100 mm and 300 mm depth with SMP resolutions of 100 mm and 1 mm. At low resolution, the model overestimated snow temperatures by up to 8
• C during daytime at 100 mm depth and even more at 300 mm depth. At high resolution, the modeled values agreed within a few degrees with the measurements (Fig. 7) , but remained too high for the 300 mm depth throughout the whole simulation. The discrepancies in modeled and measured temperatures are smaller on overcast days (day 194-198) , especially for the higher resolution simulation. The 10 mm resolution shows similar results as the 1 mm resolution, and is therefore not discussed separately. One of the reasons for the similarity of the 10 mm and 1 mm results might be because SNOWPACK merges layers that are alike together, so the 1 mm model output did not have 1000 layers, but only around 300. Thus, we conclude that the important scale for the studied snowpack is in the order of 10 mm, but might be different for other snowpacks. The temperatures modeled with low resolution peak earlier than the measured and show amplitudes which are too large for a given depth, suggesting that either the radiation penetration is overestimated by not resolving the wind crusts, which damp the radiation penetration or that thin hoar layers, which act as thermal breaks are not properly resolved.
Discussion
Snow Stratigraphy
A similar pattern of the SMP signal was observed for all snowpits that were investigated during the field season. One of the most outstanding patterns observed in the snowpack was the alternation of soft hoar layers and harder wind slabs. The latter originated from very windy periods without large amounts of precipitation, typically observed in fall [Albert and Shultz , 2002; Alley et al., 1990] . Strongly faceted crystals (hoar) are produced in the uppermost layers of polar ice sheets, where they have long been associated with "firn quakes", a sudden collapse of subsurface hoar layer which is detectable over some distance. Most of the growth of these layers occurs in late summer because of the coincidence of higher temperatures and higher temperature gradients [Colbeck , 1989b] and show a decrease in specific surface area. In this study, faceting persisted throughout the whole profile, either remaining from the original shape of facetted grains or from ongoing temperature gradient metamorphosis. These low penetration resistance layers lead us to conclude that these layers are not affected much by the overburden pressure at these depths. Our interpretation of these observations is that vapordiffusion sintering is the dominant process. Vapor-diffusion sintering is known not to cause a densification of the porous sintering material [German, 1996] . At the same time, the viscosity of the ice and the overburden pressure are too small to cause densification over the whole profile. Indirectly, this is also a hint that the other volume sintering processes causing densification (grain boundary diffusion and surface diffusion) are small compared to vapor diffusion. This also means that porosity remains constant. Temperaturegradient metamorphism increases bond and grain size, however, the number of bonds per volume decreases. According to the experiments presented in Sokratov and Schneebeli [2004] , this results in a higher thermal conductivity and indicates an increased thermal conduction for older snow without an increase in density. Highest and lowest density values of the three winters represented in the observed profile do not change significantly and an overall densification trend is not visible. The interannual variability, which is reflected throughout the whole density profile, is not entirely reflected in the whole profile of penetration resistance, but only in winter/spring layers, which were older than one year (Fig. 4 , dashed lines in penetration resistance plot). In these older winter layers, we find larger homogeneous layers whose penetration resistance increased with increasing depth (Fig. 4, e. g. 1.6-1.8 m). The spring-summer transition (e.g. 1.2 m and 1.8 m) which creates hard layers is always well visible, and the amplitude between the hard spring-summer transition and the soft fall-winter transition (e.g. 1.4-1.6 m) seems to be increasing over time, which means that harder layers harden much more than softer layers do, showing lower amplitudes with increasing depth in the high-frequency signal. We can not entirely explain this, but we think that the topmost two meters of the snowpack are affected by temperature gradient fluctuations caused by seasonal and multiannual temperature fluctuations. The yearly swings in temperature cause temperature gradients that drive snow and firn metamorphism [Colbeck , 1989a] , especially in the top several meters. This process, which is discussed above as vapor-diffusion sintering, keeps the density unchanged down to the depth where the overburden pressure becomes dominant, which means that there is no observable densification of the whole snowpack occurring in the top of the snowpack. Albert and Shultz [2002] also observe in their data, that in the top 3 m, metamorphism has clearly a much greater impact on grain size and permeability than on density. The increase of bond strength without a change in density during temperature-gradient metamorphism was also observed in a laboratory experiment reported in Schneebeli et al. [1999] . Deriving thermal conductivity from the density profile in Fig. 4 only would lead to an undulating thermal conductivity with depth, while deriving it from the penetration resistance generates a more variable thermal conductivity, which reflects the thickening of the bonds, and a respective increase in hardness. Fig. 5 and Fig. 6 show the strong impact of the vertical resolution of penetration resistance on calculated temperature gradients. The temperatures modeled at low resolution showed much larger amplitudes than the measured temperatures or the temperatures modeled with high resolution, which leads us to the conclusion that the damping of the temperature with depth was not represented correctly with low resolution inputs. This may be caused by overestimating the penetration of shortwave radiation as well as thermal conductivity of the snowpack when using low resolution data as input. With this input, neither thin wind crusts, which reduce penetration of solar radiation, nor subsurface hoar layers, which act as thermal insulators, are well represented. The radiation effect is much smaller for cloudy days (194) (195) (196) (197) (198) (199) , which decreases the discrepancies in modeled and measured temperatures on overcast days (day 194-198) and suggests that the absorption of solar radiation is overestimated in the model run with low resolution input to a much higher degree than in the model run with high resolution input. If the discrepancy in measured and modeled temperatures at 300 mm was caused only by radiation absorption, is should be negligible during nighttime and overcast days, when the shortwave incoming is very small. However, the error for the 300 mm temperature remains very high for the low resolution model run throughout the modeled period, and therefore must at least be partly caused by thermal conduction. The results agree much better with measurements for the high resolution model run. The effect of overestimated thermal conductivity at low resolution results is further visible in underestimated phase lag (Fig. 7) . The fact that the temperatures modeled at low resolution peaked earlier than the measured ones indicated that the modeled temperatures reacted too fast to the daily temperature cycle, and the phase lag was not represented correctly. This is likely due to a combination of overestimating both thermal conductivities as well as radiative transfer into the snowpack. Radiative transfer is also highly influenced by physical snow properties, e.g. thin wind pressed layers, consisting of very small particles and correspondingly high reflectance, which prevent radiation from penetrating into the snowpack are not adequately represented at low resolutions. We think that subsurface hoar layers, especially the one at 5 cm depth (Fig. 4, B) cause a large jump towards lower thermal conductivity and therefore act as thermal breaks that are not represented when measured density only is used to derive thermal conductivity. Near surface snow temperatures were not reproduced well at low vertical resolution. This resulted in poor representation of very thin layers like wind crusts or hoar layers, which play an important role for thermal conduction (Eq. 2) as well as for the radiative heat flux at Summit. This points to a strong feedback between small scale snow structure, temperature and temperature gradients in snow, which in turn are driving the metamorphic processes affecting the snow microstructure. The formation of subsurface hoar layers (near surface facetting) is such a process, which only occurs where large local temperature gradients exist.
High Resolution Thermal Conductivity and Snow Temperatures
The spatial variability in the layering of the snowpack could also be responsible for at least parts of the differences between the modeled temperatures at the snowpit and the thermocouple chain measurements at the met tower. Solar heating of the thermocouples could be a potential source of error, but is showed to be rather small in the depth of 10 cm (∼0.18 K [Brandt and Warren, 1993] ) compared to the temperature differences we are looking at. The uncertainty of our parametrization will lead to a systematic over-or underestimation of the temperature. In any case, fine spatial resolution of thin layers is very important for the simulation of snow temperatures, seeing that temperature gradients are the most important driving force for metamorphism. In this sense, a very high spatial resolution is not only necessary at the surface, as clearly visible in Fig. 6 .
Conclusions
Shallow snow layers at Summit were investigated with several methods. The traditional hand profile method was complemented by a high resolution SnowMicroPenetrometer. The SMP data showed a complex stratification in the Summit snowpack, which could not be acquired with the hand profile. The data were also used to investigate the importance of thin, near surface snow layers when modeling snow temperatures. For this purpose, the SMP data were averaged over different vertical distances (1 mm, 10 mm, 100 mm). A large difference in thermal conductivities and modeled temperatures was observed when calculating snow temperatures using different vertical resolutions. Using higher resolution of the snowpack resulted in larger temperature gradients, which are responsible for formation of near surface faceting (subsurface hoar). The temperatures modeled at higher resolutions (1mm, 10 mm) showed significantly better agreement with measured temperatures than the ones at lower (100 mm) resolution, which resulted in far too high temperatures, due to poorly represented thermal properties and radiation penetration. Thus, modeling snow temperatures without accounting for thin layers overestimated radiation penetration (by not accounting for thin wind crusts, which decrease radiation penetration into the snowpack) and thermal conductivity (by not accounting for thin subsurface hoar layers, which decrease thermal conductivity due to their insulating properties). Both of these effects lead to overestimation of snow temperatures as well as to a phase shift in the daily temperature cycle because of underestimated phase lag. Our results thus show that the SMP is a tool that can efficiently evaluate snow microstructure and improve input to snow energy balance models, and that thin layers are very important in snow pack heat transfer. Furthermore, we conclude that there is a strong feedback between small scale snow structure and snow temperature, which is driving the physical and possibly the chemical processes in the snowpack. The recommended resolution for Arctic snowpacks is in the order of 10 mm, but might differ slightly for other locations with different snowpacks. Considering the importance of thermal conductivity as well as the importance of radiation penetration for the simulation of the snowpack and of the surface energy balance, the large uncertainties in the presented parametrization require more detailed measurements in the future. Future studies should aim at correlating SMP data directly with high-resolution measurements of thermal conductivity and radiation penetration. This could make the SMP a very efficient tool not only for measuring mechanical properties, but potentially also for acquiring thermal conductivity of snow at the high resolution needed for snowpack models.
